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Abstract
To explain the experimental facts that the fusion cross sections of proton-halo nucleus on heavy target
nucleus is not enhanced as expected, the shielding supposition has been proposed. Namely, the proton-halo
nucleus is polarized with the valence proton being shielded by the core. In this paper, within the frame of
the Improved Quantum Molecular Dynamics model, the fusion reactions by 17F on 208Pb around Coulomb
barrier have been simulated. The existence of shielding effect is verified by microscopic dynamics analysis
and its influence on the effective interaction potential is also investigated.
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I. INTRODUCTION
The heavy ion fusion reaction has attracted much attention in recent years [1–4], because it
is not only the one of important ways to synthesize new super-heavy-element (SHE) but also an
important method to study the nuclear structure and nuclear reaction mechanism. With the rare
radioactive beams provided by many laboratories around the world, one can further study prop-
erties of nuclei located nearly the drip lines and study the nuclear reactions by using projectiles
with exotic properties drastically different from those along β-stable line. Because of new phe-
nomena in weakly bounded nuclei [5–12], such as increased probabilities for neutron transfer and
fusion [13], increased breakup probability, the one of hot topics in SHE synthesis is the fusion
with weakly bounded nucleus, especially the halo nucleus.
In particular, halo nucleus, in which the valence neutron(s) or proton(s) are very weakly bound,
are expected to give rise to new dynamics phenomena in nuclear reactions. In a semiclassical pic-
ture, the nucleus with low binding energy usually has larger radius. So the probabilities for specific
reaction channels such as neutron transfer and fusion will increase [13]. But the experiments of
the proton drip line nucleus 17F on 208Pb at energies around the Coulomb barrier do not observe
the enhancement of the fusion cross section due to breakup or to a large interaction radius[14].
With experiment on reaction of 17F+208Pb at energies around Coulomb barrier, Liang proved that
the influence of breakup of 17F on fusion cross sections is quite weak [5]. One of suppositions
to explain the experimental data is so called the “shielding effect”: During the reaction, 17F is
excited into the first excited state to be a proton-halo nucleus (hereinafter denoted as 17F∗), and is
polarized by the valence proton being repelled from the reaction partner and being shielded by the
16O core. With such a shielding effect, the effective interaction radius is smaller than the one with
17F in ground state, and the fusion rate will not rise as expected.
In this work, with the improved quantum molecular dynamics (ImQMD) model, taking 17F+
208Pb as example, we try to verify existence of the shielding effect of valence proton in the fusion
reactions and investigate the influence of shielding effect on the dynamic effective interaction
potential. The paper is organized as follows. In Sec. 2, we briefly introduce the model we adopted.
In Sec. 3, we present the improvement on the ImQMD model to describe the halo nucleus and the
shielding effect on fusion reactions. Finally a brief summary is given in Sec. 4.
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II. MODEL
The quantum molecular dynamics (QMD) model [15, 16] built by Aichelin and Peilert et. al.,
which can intuitively present the microscopic dynamics process of nuclear reaction, is a powerful
tool to study the heavy ion collisions (HICs) at intermediate energies. Several versions based on
QMD model, such as ImQMD, IQMD, IQMD-BNU, IQMD-IMP, IQMD-SINAP, JAM, JQMD,
TuQMD, UrQMD, et. al., have been developed and successfully applied in various research fields.
The detailed discussion of the QMD models can be found in Refs [17–19]. The ImQMD model
[20–26] is used in this work, which is briefly introduced hereby.
In the ImQMD model, the nucleon is represented by a Gaussian wave-packet, which reads
φi(r) =
1
(2piσ2r )
3/4
exp
[
−(r − ri)
2
4σ2r
+
i
~
r · pi
]
, (1)
where ri, pi is the center of wave-packet for the ith nucleon in coordinate and momentum space,
respectively. And σr is the width of wave packet in coordinate space. With system size effect
considered, σr can be expressed as
σr = σ0A
1/3 + σ1, (2)
where A is nucleon number of nucleus, σ0 and σ1 are parameters obtained by fitting the properties
of many β-stable nuclei. By making the Wigner transform on the nucleon wave function and
summing all nucleons up, one can get the phase space distribution function for nuclear system,
which reads
f (r, p) =
A∑
i
fi(r, p) =
A∑
i=1
1
(pi~)3
exp
[
−(r − ri)
2
2σ2r
]
exp
[
−(p− pi)
2
2σ2p
]
, (3)
where σp is the width of wave packet in momentum space, which satisfies the minimum uncer-
tainty relationσr ·σp = ~2 . The center of wave-packet for each nucleon evolves following Hamilton
canonical equation,
r˙i =
∂H
∂pi
, p˙i = −
∂H
∂ri
. (4)
The Hamiltonian, including kinetic energy, Coulomb energy and nuclear local potential energy,
reads
H = T + UCoul + Uloc. (5)
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Each term of Hamiltonian is written as
T =
A∑
i
p2i
2m
, (6)
UCoul =
1
2
∫
ρp(r)
e2
|r − r′|ρp(r
′)drdr′, (7)
Uloc =
∫
Vlocdr, (8)
where Vloc is the Skyrme potential energy density functional without the spin-orbit term consid-
ered, which can be expressed as
Vloc =
α
2
ρ2
ρ0
+
β
γ + 1
ργ+1
ρ
γ
0
+
gsur
2
(▽ρ)2 + gτ
ρη+1
ρ
η
0
+
Cs
2ρ0
[ρ2 − κs(▽ρ)2]δ2. (9)
Here ρ and ρ0 are the nucleon density and the saturation density, respectively. And δ = (ρn −ρp)/ρ
is the isospin asymmetry degree. The parameter set used in Eq. (9), named IQ3a which has been
successfully applied to study the fusion reactions [27, 28], is listed in Table I.
TABLE I: The model parameter set IQ3a.
α β γ gsur gτ η Cs κs ρ0 σ0 σ1
(MeV) (MeV) (MeV fm2) (MeV) (MeV) (fm2) (fm−3) (fm) (fm)
−207 138 7/6 16.5 14.0 5/3 34.0 0.4 0.165 0.02 0.94
III. RESULTS AND DISCUSSION
A. Preparation of halo nucleus
The first step to simulate the reaction by ImQMDmodel is initialization of projectile and target
nuclei. As is well known, the good initial nucleus is very important for QMD calculations, espe-
cially for the reactions at low energies. The typical method to the prepare initial nuclei in QMD
is as the following: First, the position of each nucleon is determined by Monte carlo sampling
according to the size of nucleus. Second, based on the density distribution
ρ(r) =
∫
f (r, p)d p =
1
(2piσ2r )
3/2
A∑
i=1
exp
[
−(r − ri)
2
2σ2r
]
, (10)
4
the local Fermi momentum is obtained by the local-density approximation PF = (
3pi2
2
ρ)1/3 − ∆pF ,
here ∆PF is the contribution from the width of wave packet and determined by binding energy.
Then the initial momentum of each nucleon is sampled randomly in range of 0-PF . To check the
stability of the prepared nucleus, the prepared nuclear system solely evolves for a period of time
short or long depending on the type of reaction. Only those prepared nuclei with good properties,
such as the root-mean-square (rms) radii, the binding energies, and their time evolutions are good
enough, and there is no spurious particle emission for a long enough time, are selected as “good
initial nuclei”.
In order to describe the halo-nucleus, which is a weakly bound nucleus, by such a semi-classical
model, the special treatment on halo-nucleus in ImQMDmodel must be adopted. The halo-nucleus
is usually considered as a system with a loose valence nucleon moving around a tight core. Taking
a proton-halo nucleus 17F∗ for example, the rms radius of 17F∗ is 2.71± 0.18 fm, and rms radius of
valence proton is 5.33 fm [29–31]. So 17F∗ is considered as a system with 16O core and a valence
proton. To save the CPU time, in ImQMD calculation, the initial distance between the projectile
and target is not infinity as the real situation but a finite value of 40 fm. There is a very large
probability for 17F to be excited by the heavy target nucleus in a so short distance. So we sample
17F∗ nucleus for initial state for ImQMD calculations. In ImQMD model, the 16O core is prepared
by the conventional method. According to the experimental data, the rms radius of neutron of
17F∗ in the first excited state is 2.478 fm, it means that 16O core of 17F∗ is smaller than ordinary 16O
nucleus with rms radius of matter of 2.710 fm. So the radius and the wave-packet width calculated
based on ordinary 16O are both multiplied by 0.9 for 16O core sampling. In order to set valence
proton with reasonable properties, two factors should be considered. The one is the position of
valence proton which should be away from core to form the halo. The other is the wave-packet
width of valence proton, which reflects the range of nuclear force, has obvious effect on nucleus
surface diffusion [32]. It is obvious that the wave-packet width expression (2) for ordinary nucleon
is not suitable for the loosely bound valence proton. The extreme surface-diffusion-structure of
17F∗, i.e. halo, require the valence proton to have a relatively larger width of wave-packet. By
optimally fitting the experimental data of 17F∗, in the calculations, the initial distance between the
valence proton and the center of mass of core is set to R = Rp + 1.6 fm, where Rp is the radius of
proton distribution of 16O core [33, 34], the wave-packet width and the initial momentum is set to
√
2 fm and 25 MeV/c, respectively, for the valence proton.
The ImQMDmodel is a semiclassical model with Skyrme δ-type interaction adopted. It is quite
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difficult for a weakly bound nucleus, such as halo nucleus, to keep stable for a long time in these
kinds of model. The valence proton will finally fall into the core due to the strong attractiveness.
To maintain the stable halo, a so called “sphere-shell constrain” is introduced into the model.
When the valence proton is too close to the core and trends to move further toward the core, or too
far from the core and trends to move backward the core, its momentum directions will be changed
randomly by elastic scattering with nucleon nearby.
By the modification on the preparation of initial nucleus and the introduction of sphere-shell
constrain, we can get 17F∗ with good properties and stable enough. In figure 1, the density distri-
butions of nucleon, proton, neutron and the valence proton in 17F∗ at 0 and 1000 fm/c calculated
by ImQMD model are presented. The data taking from experiment [30] and relativistic density-
dependent Hartree theory (RDDH) [30, 35] are also shown for comparison. One can see that,
although the halo of initial 17F∗ is a little small, the distributions given by ImQMD model are rea-
sonable. And by the nucleons self-adjustment with time evolution, ImQMD model gives a quite
good distribution close to the results from experiments and RDDH theory.
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FIG. 1: (color online) Density distributions of nucleon, proton, neutron and the valence proton in 17F∗ from
experiment (a), relativistic density-dependent Hartree theory (b) and ImQMD calculations (c) (d).
In figure 2 we show the time evolutions of deviation of the binding energies and the root-mean-
square radii of nucleon, proton, and neutron for 17F∗. One can see that the binding energies and
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each root-mean-square radii remain stable with small fluctuation for a long enough time.
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FIG. 2: (color online) Time evolutions of deviation of the binding energies and the root-mean-square radii
of nucleon, proton and neutron for 17F∗.
B. Proton-halo nucleus fusion reaction
To obtain stable halo structure, “sphere-shell constrain”, which is not a self-consistent treat-
ment, is introduced into the model. The halo structure is easily destroyed when halo nucleus enter
the field of target nucleus. So “sphere-shell constrain” should be switched off at a proper moment
during the reaction simulation, then the valence proton can move self-consistently in the system
field. To select a proper switch-time, the time evolution of ratio between the force on valence pro-
ton from 208Pb and core 16O is investigated, which is shown in figure 3 with the solid curve. For a
comparison, we also calculated the ratio between the Coulomb force on valence proton from 208Pb
and core 16O, denoted by dashed curve, assuming that the projectile and target are two charged
points located at their individual centers of mass and move with their initial velocities only. One
can see that, at the early stage, the effect from target is quite weak and the Coulomb force domi-
nates the force from target. The influence of target becomes strong rapidly from 150 fm/c, and the
nuclear force influence becomes obvious. So the “sphere-shell constrain” is switched off at 150
fm/c in the following calculations.
Firstly, we checked the shielding of valence proton by 16O core in reactions of 17F∗+208Pb at
the energy Ec.m. = 85 MeV and b = 0 fm. As illustrated in figure 4, the angle θ between the
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FIG. 3: (color online) Time evolution of ratio between force on valence proton from 208Pb and core of 17F∗.
position vector of valence proton and the one of target’s mass center from mass center of 16O can
be a criterion for shielding. If cos θ < 0, valence proton is considered as being shielded by 16O
core. The proportion of the valence proton being shielded is defined as the ratio of Ns/Nt, which
θ
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valence
proton
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17F∗
FIG. 4: (color online) Sketch for valence proton being shielded by core in reactions.
is shown in figure 5. Where Ns and Nt are the numbers of events in which valence proton being
shielded during the reactions and the number of total events, respectively. The case for individual
17F∗ is also shown for reference. One can see that, for individual 17F∗, the valence proton distributes
uniformly in the halo. In the 17F∗+208Pb reactions, at early stage in which projectile far away from
target, there is not obvious shielding effect. With projectile being closer and closer to target, the
shielding proportion arises. There are more and more events with valence proton being shielded by
core from 500 fm/c. And after 700 fm/c when the 16O is absorbed by target to form the compound
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nucleus or elastically scattered off, the shielding effect is disturbed.
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FIG. 5: (color online) Time evolution of proportion of events in which valence proton being shielded by
core.
By creating a certain amount of events at each incident energy Ec.m. and each impact parameter
b and counting the number of fusion events, the fusion probability gfus(Ec.m., b) for a certain fusion
reaction can be obtained to calculate the corresponding fusion cross seciton with
σfus(Ec.m.) = 2pi
∫
gfus(Ec.m., b)bdb ≃ 2pi
∑
gfus(Ec.m., bi)bi∆b (11)
where ∆b = 1 fm. The event is counted as a fusion (capture) event if the center-to-center distance
between the two nuclei is smaller than the nuclear radius of the compound nuclei. Here the quasi-
fission probability is neglected for the considered reaction systems [27].
In figure 6, we show the fusion excitation functions of 17F∗+208Pb and 16O+208Pb calculated by
ImQMD model. The experimental data are presented for comparison. The results of 16O+208Pb
are shifted in energy by factor 9/8 (the ratio of the charges of F and O). The fusion cross sections
around and above Coulomb barrier are reproduced quite well; While for the case below Coulomb
barrier, the fusion cross sections of 17F∗+208Pb is tiny higher than the ones of 16O+208Pb, and they
both overestimate the experimental data, which is probably attributable to the fact that the many
quantum effects such as the shell effect and tunnelling effect can not be realized in the present semi-
classical ImQMD model. Although the present version of the ImQMD model cannot describe the
fusion of reactions at very low energies quite well, it is still reasonable to investigate the shielding
effects by comparing the results of fusion cross sections between the 17F∗+208Pb and 16O+208Pb.
9
One can see that the fusion cross sections of 17F∗+208Pb and 16O+208Pb are close to each other,
with no enhancement observed whether for above or below Coulomb barrier.
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FIG. 6: (color online) Fusion excitation functions of 17F∗+208Pb and 16O+208Pb calculated by ImQMD
model compared to the experimental data. The results of 16O+208Pb are shifted in energy by the factor 9/8.
As well known, the classical fusion cross sectionσfus = piR
2
eff
, where Reff is the effective interac-
tion radius directly relative to the radii of projectile and target. So the system with larger projectile
and target nuclei will give larger fusion cross section. The rms radii for 17F and 16O are similar
for the ground state, once 17F is excited by 208Pb to be a proton-halo nucleus with larger radius,
the fusion cross section should be enhanced compared to 16O+208Pb. But the enhancement is not
observed in the experiments. Taken the shielding effect during the reactions into consideration,
when the valence proton is pushed toward or even behind 16O core, the thickness of side of halo
facing the target becomes small. That will reduce the effective interaction radius and change the
dynamic effective interaction potential between projectile and target nuclei. In figure 7, we show
the dynamic effective interaction potential for fusion reaction 17F∗+208Pb at the energy Ec.m. = 85
MeV and b = 0 fm for valence proton distributing uniformly and for the two extreme case, i.e.,
the valence proton locating in the front of 16O core (θ = 0) and being totally shielded (θ = pi),
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respectively. One can see that, before projectile touch target, the effective interaction potential for
the case of θ = 0 is larger than one of θ = pi; While after projectile touch target, the effective
interaction potential for the case of θ = pi is larger than one of θ = 0. The competition between
the case for valence proton being shielded or not is one of possible reasons leading to no expected
enhancement of the fusion cross section being observed. The result of 16O+208Pb at the energy
Ec.m. = 76 MeV and b = 0 fm is also shown in the figure. Once again, the result of
16O+208Pb is
shifted in energy by factor 9/8. The similarity of the effective interaction potentials of 17F∗+208Pb
and 16O+208Pb indicates that these two systems have essentially the similar behavior, such as close
fusion excitation functions.
10 15 20 25
40
50
60
70
80
16O+208Pb (shifted) 
17F*+208Pb   = =0   all
V
 (M
eV
)
R (fm)
FIG. 7: (color online) Effective interaction potentials for fusion reaction 17F∗+208Pb at the energy Ec.m. =
85 MeV and b = 0 fm, and 16O+208Pb at the energy Ec.m. = 76 MeV and b = 0 fm.
IV. SUMMARY
The experiments indicate that fusion cross sections of proton-halo nucleus is not enhanced
comparing to the regular nucleus as people’s expectation. One reasonable supposition is that the
valence proton moves away from the target nucleus and is shielded by the core of halo nucleus,
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which is so called shielding effect. This effect has been verified with the fusion reactions by
using the ImQMD model in this work. To obtain the good initial proton-halo nucleus, the special
treatment on sample method for initial nucleus is firstly introduced into the ImQMD model. The
shielding phenomenon is verified in the reactions 17F∗+208Pb by tracing the relative position of
the valence proton to the core 16O with the microscopic dynamics simulations. The probability of
valence proton being shielded increases when projectile and target get more and more close to each
other. And it is found that before projectile and target touch each other, shielding effect reduces
the effective interaction potential. While after projectile and target touch each other, shielding
effect increases the effective interaction potential. The similar effective interaction potentials for
17F+208Pb and 16O+208Pb lead to similar fusion excitation functions for these two systems.
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